The illegal adulteration of sildenafil in herbal food supplements and alcoholic drinks immensely threatens human health due to its harmful side-effects. Therefore, it is important to accurately detect and identify the presence of sildenafil in alcoholic drinks. In this study, Opto Trace Raman 202 (OTR 202) was used as surface enhanced Raman spectroscopy (SERS) active colloids to detect sildenafil. The results demonstrated that the Raman enhancement factor (EF) of OTR 202 colloids reached 1.84 × 10 7 and the limits of detection (LODs) of sildenafil in health wine and liquor were found to be as low as 0.1 mg/L. Moreover, the SERS peaks of 645, 814, 1235, 1401, 1530 and 1584 cm −1 could be qualitatively determined as sildenafil characteristic peaks and the relationship between Raman peak intensity and sildenafil concentration in health wine and liquor were different. There was a good linear correlation between Raman peak intensity, and sildenafil concentration in health wine ranged 0.1-1 mg/L (0.9687< R 2 < 0.9891) and 1-10 mg/L (0.9701 < R 2 < 0.9840), and in liquor ranged 0.1-1 mg/L (0.9662 < R 2 < 0.9944) and 1-20 mg/L (0.9625 < R 2 < 0.9922). The relative standard deviations (RSD) were less than 5.90% (sildenafil in health wine) and 9.16% (sildenafil in liquor). The recovery ranged 88.92-104.42% (sildenafil in health wine) and 90.09-104.55% (sildenafil in liquor). In general, the sildenafil in health wine and liquor could be rapidly and quantitatively determined using SERS technique, which offered a simple and accurate alternative for the determination of sildenafil in alcoholic drinks.
Introduction
Sildenafil is one of the inhibitors of phosphodiesterase type 5 (PDE-5), which is frequently added into health supplementary products for the treatment of erectile dysfunction (ED) in males [1] . Due to its side-effects such as headache, dyspepsia, back pain, rhinitis and flu syndrome, the usage of sildenafil must be strictly controlled by medical supervision [2, 3] . Several investigations have indicated that sildenafil has been illegally adulterated into some dietary supplements, herbal medicines and alcoholic drinks [4] [5] [6] [7] . Limited by the complicated sample processing and extraction, traditional methods for determining sildenafil mainly focus on high-performance liquid chromatography (HPLC) [8, 9] , ultraviolet spectrophotometry (UV) [10, 11] , gas chromatography-mass spectrometry (GC-MS) [12, 13] , thin layer chromatography (TLC) [14, 15] and near infrared spectrometry (NIR) [16, 17] . Ramirez et al. [18] quantified plasma levels of sildenafil and its metabolite by liquid chromatography (LC) with a C 18 reverse-phase column and UV detection; the limits of detection (LODs) and quantification were 1 and 10 ng/mL, respectively. Oris et al. [19] determined ardenafil, sildenafil, tadalafil, testosterone, procaine, It can be clearly seen that the diameter of OTR 202 colloids was not very uniform and the shape of OTR 202 colloids was not a regular sphere. The diameter of OTR 202 colloids was in the range of 20-50 nm and the UV/Visible characteristic absorption peaks of OTR 202 colloids was at 533 nm within the band of gold nanoparticles (AuNPs) ranging from 450 to 600 nm [31] (Figure 1c) . Compared with the results of Dong et al. [32, 33] (AuNPs: 27.8 nm; UV/Visible characteristic absorption peaks: 543 nm), Luo et al. [34] (AuNPs: 23-102 nm; UV/Visible characteristic absorption peaks: 525-549 nm) and He et al. [24] (AuNPs: 41-50 nm; UV/Visible characteristic absorption peaks: 525-540 nm), we could infer that the properties of OTR 202 colloids were consistent with AuNPs colloids. Therefore, the OTR 202 colloids was suitable as SERS substrate in this paper. Compared with Lin's [30] study, the properties of OTR 202 data were more convincing.
The SERS Performance of Rhodamine 6G Substrate
In this study, Rhodamine 6G (R6G) was used as a probe to investigate SERS activity of OTR 202 colloids. Furthermore, the SERS spectra of R6G with different concentrations were obtained, as shown in Figure 2 . It can be clearly seen that the diameter of OTR 202 colloids was not very uniform and the shape of OTR 202 colloids was not a regular sphere. The diameter of OTR 202 colloids was in the range of 20-50 nm and the UV/Visible characteristic absorption peaks of OTR 202 colloids was at 533 nm within the band of gold nanoparticles (AuNPs) ranging from 450 to 600 nm [31] (Figure 1c) . Compared with the results of Dong et al. [32, 33] (AuNPs: 27.8 nm; UV/Visible characteristic absorption peaks: 543 nm), Luo et al. [34] (AuNPs: 23-102 nm; UV/Visible characteristic absorption peaks: 525-549 nm) and He et al. [24] (AuNPs: 41-50 nm; UV/Visible characteristic absorption peaks: 525-540 nm), we could infer that the properties of OTR 202 colloids were consistent with AuNPs colloids. Therefore, the OTR 202 colloids was suitable as SERS substrate in this paper. Compared with Lin's [30] study, the properties of OTR 202 data were more convincing.
In this study, Rhodamine 6G (R6G) was used as a probe to investigate SERS activity of OTR 202 colloids. Furthermore, the SERS spectra of R6G with different concentrations were obtained, as shown in Figure 2 .
As shown in Figure 2 , the RS of 10 −2 M R6G only had a faint signal. However, the LOD of R6G could reach 5 × 10 −8 M when the R6G was mixed with OTR 202 colloids. The Raman EF was used to measure the enhancement effect, which was calculated as follows [35] :
where I SERS is the integrated intensity of R6G molecules adsorbed on the colloids surface; I Raman is the integrated intensity of the same Raman band obtained without the OTR 202 colloids; C SERS represents the concentration of R6G adsorbed on OTR 202 colloids; and C Raman represents the concentration of R6G that can be detected by ordinary RS.
In this study, Rhodamine 6G (R6G) was used as a probe to investigate SERS activity of OTR 202 colloids. Furthermore, the SERS spectra of R6G with different concentrations were obtained, as shown in Figure 2 . In this work, the values of C SERS and C Raman were 10 −7 M and 10 −2 M, respectively. The conditions for Raman and SERS measurement were kept constant. The ratio of I SERS /I Raman from the Raman intensities at 784, 1010, 1272 and 1330 cm −1 were calculated, as shown in Table 1 . It can be clearly seen that the OTR 202 colloids exhibited high EF of R6G, especially at 1331 cm −1 with an EF of 1.84 × 10 7 , which indicated that the SERS had high sensitivity and stability based on OTR 202 colloids. 
The SERS Performance of Sildenafil
To investigate the sensitivity and stability of the OTR 202 colloids for the detection of sildenafil in health wine and liquor, the normal RS of sildenafil (molecular formula: C 22 H 30 N 6 O 4 S) powder, the SERS of 100 mg/L solution mixed with methanol, the SERS of 100 mg/L sildenafil in liquor, and the SERS of 100 mg/L sildenafil in health wine were collected, as shown in Figure 3 . The detailed vibrational modes of sildenafil are listed in Table 2 . 
To investigate the sensitivity and stability of the OTR 202 colloids for the detection of sildenafil in health wine and liquor, the normal RS of sildenafil (molecular formula: C22H30N6O4S) powder, the SERS of 100 mg/L solution mixed with methanol, the SERS of 100 mg/L sildenafil in liquor, and the SERS of 100 mg/L sildenafil in health wine were collected, as shown in Figure 3 . The detailed vibrational modes of sildenafil are listed in Table 2 . Clearly, the SERS signals of sildenafil solution were stronger than those of sildenafil in liquor and health wine. The normal Raman peaks of sildenafil were in good agreement with the previous literature [27] , and the SERS of sildenafil in liquor and health wine were basically similar to the SERS of sildenafil solution, whose Raman shifts (less than 10 cm −1 ) were within a reasonable range, which indicated that the position of SERS peaks detected by SERS spectra based on OTR 202 colloids were feasible and reliable.
According to density functional theory (DFT) calculation based on the B3LYP/6-31G (d,p) method in Gaussian v.09 software [36] , the peaks at 472 and 553 cm −1 could be assigned to carbonyl stretching and phenetole breathing deformable vibration; the peaks at 647 and 723 cm −1 were derived from the carbonyl stretching, phenetole deformable vibration and C-S stretching in sulfamide; 812 cm −1 belonged to the pyrazole pyridine stretching; the peaks located at 926 and 1027 cm −1 were all related to C-C deformable vibration and C-H stretching in pyrazole pyridine group; the peaks at 989, 1159 and 1232 cm −1 were the C-H stretching vibration in carbonyl; 1310 cm −1 was C-H stretching vibration in ethyl; 1401 cm −1 was the C-H deformable vibration in methyl piperazine; and 1487, 1528 and 1582 cm −1 were the C-H deformable vibration in pyrazole pyridine. [27, 29] with LODs of 1, 1.63 and 2.20 mg/L, the LOD of sildenafil in this study was improved greatly; both were far lower than 1%. Thus, the presented method can be successfully applied for the quantification of real natural healthcare products. In addition, there were SERS peaks at 730, 940 and 1310 cm −1 when the sildenafil was not added in health wine (Figure 5Aa ). Although these peaks belonged to sildenafil as well, they might be the Raman characteristic peaks of some kind of traditional Chinese medicines in health wine.
Detection of Sildenafil in Health Wine and Liquor
Similar to the SERS spectra of sildenafil in health wine, the SERS peaks at 645, 814, 1232, 1401, 1530 and 1582 cm −1 increased rapidly when the sildenafil concentration in liquor was increased from 0.1 to 20 mg/L, while those SERS peaks fluctuated greatly in the range of 20-50 mg/L. Moreover, it can be clearly seen that the SERS peak intensities of sildenafil in health wine were generally higher As shown in Figures 4 and 5 , with the increase of sildenafil in health wine from 0.1 mg/L to 50 mg/L, the SERS peaks at 645, 814, 1232, 1401, 1530 and 1582 cm −1 increased sharply within the range of 0.1-10 mg/L, while they slowly increased when the sildenafil concentration continued to increase from 10 to 50 mg/L. In addition, when the sildenafil concentration in health wine increased from 10 to 50 mg/L, the intensities of SERS peaks at 645, 814, 1232, 1401, 1530 and 1582 cm −1 basically did not change. It was found that the sildenafil in health wine could still be identified even when the sildenafil solution concentration was as low as 0.1 mg/L. Compared with the previous research [27, 29] with LODs of 1, 1.63 and 2.20 mg/L, the LOD of sildenafil in this study was improved greatly; both were far lower than 1%. Thus, the presented method can be successfully applied for the quantification of real natural healthcare products. In addition, there were SERS peaks at 730, 940 and 1310 cm −1 when the sildenafil was not added in health wine (Figure 5Aa ). Although these peaks belonged to sildenafil as well, they might be the Raman characteristic peaks of some kind of traditional Chinese medicines in health wine.
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Similar to the SERS spectra of sildenafil in health wine, the SERS peaks at 645, 814, 1232, 1401, 1530 and 1582 cm −1 increased rapidly when the sildenafil concentration in liquor was increased from 0.1 to 20 mg/L, while those SERS peaks fluctuated greatly in the range of 20-50 mg/L. Moreover, it can be clearly seen that the SERS peak intensities of sildenafil in health wine were generally higher than that in liquor, which indicated that the background difference between health wine and liquor would lead to the difference in SERS characteristic peak intensities. In conclusion, 645, 814, 1232, 1401, 1530 and 1582 cm −1 could be qualitatively determined as sildenafil characteristic peaks in health wine and liquor, and a possible reason is shown in Figure 6 .
Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 7 of 13 than that in liquor, which indicated that the background difference between health wine and liquor would lead to the difference in SERS characteristic peak intensities. In conclusion, 645, 814, 1232, 1401, 1530 and 1582 cm −1 could be qualitatively determined as sildenafil characteristic peaks in health wine and liquor, and a possible reason is shown in Figure 6 . It is well known that the SERS signals can be greatly enhanced by the so-called "hot spots" effect. According to Figure 6 , with the constant amount of "hot spots", the "hot spot" effect among the nanoparticles were not completed when the sildenafil concentration was low (Figure 6a ). The "hot spot" effect among the nanoparticles gradually increased with the increase of sildenafil concentration, resulting in the rapid enhancement of SERS signals (Figure 6b ). When the concentration of sildenafil increased to a certain extent, the "hot spot" effect among the nanoparticle particles tended to be saturated, thus the enhancement effect of the SERS signal was not obvious (Figure 6c ). Tables 3 and 4 , respectively.
Quantitative Detection of Sildenafil in Health Wine and Liquor
According to Figure 7 and Table 3 , there was a good linear correlation between Raman peak intensity and sildenafil concentration in health wine in each linear regression equation ranging 0.1-1 mg/L (0.9687 < R 2 < 0.9891) and 1-10 mg/L (0.9701 < R 2 < 0.9840). Although there was a good linear correlation in the range of 0.1-10 mg/L at 645 and 814 cm −1 , the correlation coefficients were below 0.92 at 1232, 1401, 1530 and 1582 cm −1 . Therefore, the sildenafil in health wine could be accurately and quantitatively detected by adopting different model in the range of 0.1-10 mg/L. It is well known that the SERS signals can be greatly enhanced by the so-called "hot spots" effect. According to Figure 6 , with the constant amount of "hot spots", the "hot spot" effect among the nanoparticles were not completed when the sildenafil concentration was low (Figure 6a ). The "hot spot" effect among the nanoparticles gradually increased with the increase of sildenafil concentration, resulting in the rapid enhancement of SERS signals (Figure 6b ). When the concentration of sildenafil increased to a certain extent, the "hot spot" effect among the nanoparticle particles tended to be saturated, thus the enhancement effect of the SERS signal was not obvious (Figure 6c ). According to Figure 8 and Table 4 , there was a good linear correlation between Raman peak intensity and sildenafil concentration in liquor in each linear regression equation ranging 0.1-1 mg/L (0.9662 < R 2 < 0.9944) and 1-20 mg/L (0.9625 < R 2 < 0.9922). Although there was a good linear correlation at 814, 1401 and 1582 cm −1 , the correlation coefficients were only 0.9494, 0.9353 and 0.8629 According to Figure 7 and Table 3 , there was a good linear correlation between Raman peak intensity and sildenafil concentration in health wine in each linear regression equation ranging 0.1-1 mg/L (0.9687 < R 2 < 0.9891) and 1-10 mg/L (0.9701 < R 2 < 0.9840). Although there was a good linear correlation in the range of 0.1-10 mg/L at 645 and 814 cm −1 , the correlation coefficients were below 0.92 at 1232, 1401, 1530 and 1582 cm −1 . Therefore, the sildenafil in health wine could be accurately and quantitatively detected by adopting different model in the range of 0.1-10 mg/L.
According to Figure 8 and Table 4 , there was a good linear correlation between Raman peak intensity and sildenafil concentration in liquor in each linear regression equation ranging 0.1-1 mg/L (0.9662 < R 2 < 0.9944) and 1-20 mg/L (0.9625 < R 2 < 0.9922). Although there was a good linear correlation at 814, 1401 and 1582 cm −1 , the correlation coefficients were only 0.9494, 0.9353 and 0.8629 at 645, 1232 and 1530 cm −1 , respectively. Therefore, the sildenafil in liquor could be accurately and quantitatively detected by adopting different models in the range of 0.1-20 mg/L.
From the above analysis, although there were some differences in the detection of sildenafil in health wine and liquor by SERS technique, there was a good linear relationship between the intensity and concentration of different Raman characteristic peaks in a certain concentration range, which indicated that it was feasible to use SERS technology for the detection of sildenafil in both health wine and liquor.
Model Accuracy Verification
To verify the accuracy of this detection method of sildenafil, first different concentrations of sildenafil in health wine (0.5, 5 mg/L) and liquor (0.5, 5 and 13 mg/L) were prepared; each concentration contained nine samples. Second, all samples were detected by SERS based on OTR 202 colloids. Third, the linear regression equations at 645, 814, 1232, 1401, 1530 and 1582 cm −1 were used to predict the sildenafil concentration in health wine and liquor. Tables 5 and 6 present the precision and accuracy for the determination of sildenafil in health wine and liquor, respectively. According to Table 5 , the sildenafil concentration in health wine could be well predicted using the linear regression equations at 645, 814, 1232, 1401, 1530 and 1582 cm −1 . The relative standard deviation (RSD) was less than 6.78% and 7.65% for two added concentrations, respectively. The recoveries were in the ranges of 88.92-104.42% and 97.62-100.43%, respectively. Moreover, the linear regression equations at 1530 cm −1 had the best precision and accuracy for 0.5 mg/L (predicted + SD: 0.480 ± 0.013; RSD: 2.89; Recovery: 96.11), 5 mg/L (predicted + SD: 5.02 ± 0.13; RSD: 2.53; Recovery: 100.43) and 13 mg/L. According to Table 6 , the sildenafil concentration in liquor could also be well predicted using the linear regression equations at 645, 814, 1232, 1401, 1530 and 1582 cm −1 . The RSD were less than 8.07%, 8.70% and 7.68%, respectively, at the three added concentrations. The recoveries were in the ranges of 92.77-104.45%, 90.09-102.80% and 92.99-101.84%, respectively. Moreover, the linear regression equations at 1232 cm −1 had the best precision and accuracy for 0.5 mg/L (predicted + SD: 0.498 ± 0.022; RSD: 4.59; Recovery: 99.78), 5 mg/L (predicted + SD: 4.93 ± 0.23; RSD: 4.88; Recovery: 98.60) and 13 mg/L (predicted + SD: 13.24 ± 0.63; RSD: 4.66; Recovery: 101.84). From the results above, we conclude that the application of our method for sildenafil detection has excellent practical value.
Materials and Methods

Chemicals
The reagents used in this experiment included sildenafil (99.8% purity, Sigma-Aldrich, Beijing, China), methanol (chromatographically pure, Amethyst Chemicals, Beijing, China), R6G (96.01% purity, Sigma-Aldrich, Beijing, China), health wine (Jinpai Co., Ltd., DaYe, China) and liquor (Beijing Red Star Co., Ltd. Beijing, China). In addition, the OTR 202 colloids produced by Opto Trace Technologies, Inc. (Suzhou, China) were used as SERS substrate in this study.
Instruments
The experimental instruments included: (1) RmTracer-200-HS portable Raman spectrometer combined with a 785 nm excitation wavelength diode-stabilized stimulator (Opto Trace Technologies, Inc., Mountain View, CA, USA); (2) FEI Tecnai G2 F20 S-TWIN transmission electron microscope (FEI Company, Hillsboro, OR, USA); and (3) Vortex-Genie 2/2T vortex mixer (Shanghai Ling early Environmental Protection Instrument Co., Ltd, Shanghai, China).
Sample Preparation
The sample preparation process was as follows. First, the standard sildenafil was diluted to 1000 mg/L with methanol. Second, the standard solution of 1000 mg/L was diluted to 0-50 mg/L with health wine and liquor, respectively. For each concentration the sample was prepared in triplicate.
SERS Measurement
Before Raman spectra acquisition, the instrument was calibrated using a 785 nm excitation wavelength. The parameters were set as follows: a power of 200 mw, a scanning range of 200-3300 cm −1 , an optical resolution of 2 cm −1 , an integration time of 10 s and an average spectral value of 3 times. When collecting the SERS of samples, 500 µL OTR 202 colloids and 100 µL test solution were added in turn into a 2 mL quartz bottle, and then it was placed at a liquid sample pool.
Conclusions
In this paper, we report a rapid and quantitative determination method of sildenafil in health wine and liquor based on SERS with OTR 202 colloids. We found that the Raman EF of OTR 202 colloids could reach 1.84 × 10 7 and the proposed method showed good performance for sildenafil in health wine and liquor detection and the LODs were found to be as low as 0.1 mg/L; both were far lower than 1%. Therefore, the presented method can be successfully applied for the quantification of natural healthcare products. Moreover, there was a good linear correlation between Raman peak intensity and sildenafil concentration in both health wine (R 2 = 0.9891) and liquor (R 2 = 0.9944) at certain concentration ranges. It was indicated that the application of SERS technique for the rapid detection of sildenafil was feasible and reliable. Overall, the SERS method with OTR 202 colloids enhancement developed through this study provides a novel, rapid and accurate approach to quantitatively determine sildenafil in health wine and liquor, which could meet the requirements of sildenafil determination in other alcoholic drinks.
